The DOE/MSU Fatigue Database has been expanded Delamination is a dominant failure mode in composite to include a number of matrix resins of potential interest material structures, leading to the breakdown of structural in wind turbine blades. The main considerations in resin integrity in areas such as the trailing edge, spars, and root selection have been to increase the structural integrity connections. Experience in aerospace composites [1] (such as delamination resistance) in blades while indicates that the toughness of the matrix resin, as well as maintaining or improving other mechanical properties, the design of details controls interlaminar fracture particularly under hot, wet conditions. The resins resistance and structural performance, as well as facewise included in the study are also appropriate for the wind impact resistance [2] . The low cost matrix resins (general turbine blade application in terms of cost and processing purpose polyesters, vinyl esters, and epoxies) used in characteristics (all materials were prepared by resin most turbine blades are relatively brittle, and so the transfer molding).
INTRODUCTION
Wind turbine blades should perform under a variety of strength for loads along the fiber axis, usually the loads and environmental conditions for a twenty to thirty lengthwise direction of the blade. Compression strength year service life. Fiberglass blade materials derive much and fatigue resistance are design drivers of primary of their strength and stiffness from the fiber importance. Typical matrix resins used in blades, such as reinforcement. However, several key properties are ortho polyesters, generally have adequate elastic modulus dominated by the matrix resin, including resistance to delamination between plies and compressive strength.
elastic moduli are not high enough, they do not support the fibers adequately against compressive buckling. Thus, a softer matrix will produce a lower compression at moderate temperatures to provide good compressive strength. However, at elevated temperatures and with high moisture contents, these resins may not retain sufficient modulus (a neat resin modulus of around 3.0 GPa is usually adequate). Resins such as polyesters and epoxies will generally absorb several weight percent moisture, which swells and softens the polymer network (reversibly) and reduces the elastic modulus and glass transition temperature (T ). Toughened resins can have g reduced modulus relative to the base resin if toughness is achieved through the addition of low modulus materials Table 1 lists the resins studied, all of which are like elastomers. thermoset polymers. Further details of the resins and This study evaluated a number of base and toughened their processing can be found in Reference 6. Figure 3 resin systems which are suitable for common blade gives prices quoted (spring 1999) for each resin in 55 manufacturing processes (including resin transfer gallon drums for a total of 40,000 lb. lots. Prices can molding (RTM), which requires a low resin viscosity).
vary significantly. More costly resins with improved Resin cost was limited to about $3.00/lb to be competitive properties are also available, but are not studied here. in blade applications, which eliminated many of the Figure 4 compares tensile stress-strain curves for toughened aerospace resins. The main objective was to several of the neat resins, and Table 2 lists their evaluate resins with improved toughness and temperature properties. Due to difficulty in preparing neat resin and moisture resistance as compared with common blade specimens, such as the urethane matrix, some resin resins.
properties are not included in Table 2 . The target modulus
EXPERIMENTAL METHODS
All materials were resin transfer molded in closed epoxies can vary significantly depending on sample molds, including neat resin samples (without molding and machining procedures. The yield strength is reinforcement), which were molded into their final dogtaken as the 0.2% offset yield strength where this could bone shape without machining. Types and sources of be determined. Table 2 gives heat deflection resins and reinforcement are listed in Table 1 . Test temperatures measured for each resin. This may be taken methods for static and fatigue tension and compression as an upper use limit. followed standard procedures described in detail in
The moisture absorption characteristics of several Reference 3. resins are shown in Figure 5 as weight gain in distilled Delamination resistance in Modes I and II used unidirectional 0 double cantilever beam (DCB) and end notched flexure test specimens [4, 5] . These specimens used a teflon crack-starter strip embedded during fabrication as an initial crack. The Mode I fracture toughness, G , was determined after a short increment of IC crack growth beyond the starter strip; this value is termed the initial G to distinguish it from higher values, which IC result from fiber bridging as the crack grows longer. The Mode II value, G , was determined using the Mode I IIC specimens after the crack was grown for several cm, with the specimen then loaded in three-point bending for Mode II. These methods are described in References 1 and 6. The structural integrity was evaluated with the T-section pull-off test shown in Figure 1 and described in detail in Reference 5. The typical load-displacement curve in Figure 2 was used to determine the initial damage force, the maximum force, and the displacement at maximum force.
RESULTS AND DISCUSSION
Matrix Resin Properties of 3.0 GPa is not achieved by the 980 vinyl ester, SC-14 epoxy, or the urethane. The stress-strain curves for the more brittle resins such as unmodified polyesters and water at 50C vs. square root of time in hours, following typical Fickian diffusion representation. As expected, the vinyl esters and the iso-polyester absorb much less moisture than the ortho-polyester and the epoxy. The composites ( Figure 6 ) absorb less moisture, since the entire composite is not resin, but the ordering of the materials according to weight gain is consistent with the neat resin data.
Interlaminar Fracture Toughness
Figures 7 and 8 summarize the Mode I and Mode II interlaminar fracture toughness, respectively, for selected resin systems. Additional data are given in Ref. 6 . The baseline ortho-polyester has a very low G typical of the IC, lowest cost polyesters, vinyl esters and epoxies. The other matrices have significantly higher Mode I toughness. All systems have increased Mode I toughness at 50C wet conditions due to increased fiber debonding and fiber bridging, as found in other composites [7] . The Mode II toughness in Figure 9 tends to correlate more closely with the T-stiffener test, described below. The toughened vinyl ester and epoxy SC14 show the highest G values at room temperature, dry, but the epoxy loses compression strength decreases moderately for dry IIC Mode II toughness at elevated temperature, particularly when conditioned and tested wet. The iso-polyester has higher G than the ortho-polyester, particularly at IIC elevated temperatures. The two vinyl esters show very good toughness under all conditions. While the vinyl ester and epoxy toughness values are slightly lower at -20C than at room temperature, the differences do not indicate any ductile-brittle transitions in this temperature elevated temperature for longer times is even more range.
significant, as shown in Table 4 , with reductions of 26%
T-Stiffener Pull-off Figure 9 shows typical T-stiffener pull-off specimens after testing; see Figure 1 for the test configuration. These show the usual delamination-dominated fracture mode, simulating separation of the skin-spar interface area of blades. The damage has been modeled in detail and associated with the basic G and G results in IC IIC Reference 5. Figure 10 compares several loaddisplacement curves from the pull-off tests, and Table 3 lists results for seven resin systems. The tougher resin systems produce increased stiffener pull-off resistance, as expected. Since slight thickness differences can affect this test significantly [5] , the results should be viewed in terms of both the force levels and the displacement, with higher values of both indicating greater structural integrity. The room temperature G and G values for IC IIC the untoughened System 41 epoxy were 231 J/m and 2 3776 J/m , respectively [6] . Thus, there is a good 2 correlation between G ( Figure 8 ) and T-stiffener pull-IIC off resistance, including the System 41 matrix, which had a surprisingly high G for an unmodified epoxy (this IIC system was not tested at elevated temperature, but has a high heat distortion temperature in Table 3 ).
Composite Strength and Modulus vs. Temperature and Moisture Condition
Figures 11-17 give basic composite mechanical properties for composites fabricated with five of the more interesting resins as a function of temperature, both for dry (ambient) conditioned specimens and for specimens Figure 11 gives the most critical matrix sensitive property: compression strength in the 0 direction. The specimens up to 70C, with the greatest decrease shown in the ortho polyester. The wet conditioned and tested specimens show even greater decreases, particularly the ortho-polyester and the epoxy (which also absorbs the most moisture, Figure 5 ). The iso-polyester and both vinyl esters are much less sensitive to moisture. The sensitivity of the ortho polyester composite to moisture at and 30% under hot-wet conditions for composites based on D155 and A130 0 fabrics, respectively. These are very serious decreases, particularly for the A130 fabric, whose woven architecture gives a low baseline compressive strength.
Tension properties in the 0 direction are fiber dominated, and are not much affected by temperature and moisture (Figures 12 and 13 ). The same laminate tested in tension in the 90 direction is more matrix sensitive, showing decreases in modulus which parallel the compressive strength ( Figure 14) ; 90 tensile strength (Figure 15 ) is surprisingly insensitive. The 45 laminates tested in tension in the 0 direction are also matrix dominated, giving significant temperature and moisture sensitivity (Figures 16 and 17) .
Fatigue Resistance
The fatigue sensitivity has been found to be matrix insensitive in earlier results [3] . Figure 18 compares the baseline ortho-polyester with the two Derakane vinyl esters under tensile, compressive, and reversed loading, R = 0.1, 10, and -1, where R is the ratio of minimum to maximum stress in each cycle. Again, there is no significant improvement in fatigue resistance, even for the toughened vinyl ester 8084. Fatigue crack resistance for the systems is currently being tested. Future work will also include fatigue at hot, wet conditions, but experience with carbon/epoxy material suggests little change in the fatigue S-N curves when normalized by the static strength [8] .
CONCLUSIONS
More ductile resin systems produce improved structural integrity at moderate cost. The hot/wet properties are much better for the iso-polyester and vinyl ester systems than for the ortho-polyester or the epoxy SC14, again for moderate cost increases over the ortho-polyester. Thus, while the iso-polyester provides improved environmental resistance over the ortho polyester for a small increase in cost, the 411 and 8084 vinyl esters additionally provide much greater toughness and structural integrity for a slightly greater cost increase. The fatigue resistance was not affected by the matrix, following earlier results. 
